Human maxillary tuberosity and jaw periosteum as sources of
osteoprogenitor cells for tissue engineering
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Objective. Bone tissue engineering is a promising approach for bone reconstruction in oral-maxillofacial surgery. This
study investigates the suitability of oral skeletal tissues as convenient and accessible sources of osteogenic progenitors

as an alternative to the iliac crest bone marrow.

Study design. Samples of maxilla tuberosity (MT) and maxillary and mandibular periosteum (MP) were obtained
during routine oral surgery, and donor site morbidity was assessed using a “split-mouth” approach. Cells isolated from
MT (bone marrow stromal cells; MT-BMSCs) and from MP (periosteal cells; M-PCs), were analyzed for clonogenicity,
phenotype, expression of osteogenic markers, and ability to form bone in vivo.

Results. Both MT-BMSCs and M-PCs included clonogenic cells, showed comparable phenotypic profiles, and
expressed early osteogenic markers. Most importantly, both cell populations formed bone upon ectopic in vivo

transplantation.

Conclusion. MT-BMSCs and M-PCs behaved as osteoprogenitor cells in vitro and in vivo. MT and MP may be
considered as suitable sources of cells for bone tissue engineering in humans. (Oral Surg Oral Med Oral Pathol Oral

Radiol Endod 2007;xx:1-12)

Allogeneic bone and alloplastic bone substitutes are
successfully used as void fillers and osteoconductive
agents in oral-maxillofacial surgery'; however, serious
concerns still exist about the high rate of graft resorp-
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tion, limited regeneration by new bone, hazards of
immune-mediated rejection, and donor-host pathogen
transfer.”” Infection and failure of the graft, severe
morbidity of extraoral donor sites, and an unpredictable
cost-benefit ratio are the main problems associated with
maxillary reconstructive techniques, such as guided
bone regeneration, sinus lift, and onlay grafts.>'® Au-
togenous bone is the gold standard in bone reconstruc-
tive surgery. Compared to bone substitutes, autogenous
bone has superior biomechanical properties and greater
potential for adequate integration with surrounding tis-
sues; however, eventual loss of the grafted bone tissue
stands as a major untoward outcome of autogenous
bone grafting. The mechanism underlying the progres-
sive loss of grafted bone has not been fully elucidated,
but may be related to the limited survival of bone cells
after transplantation'''? or to the relatively low fre-
quency of self-renewing progenitor cells within the
graft. The different embryonic origins of the splanch-
nocranial skeleton (neuroectoderm) and the axial/ap-
pendicular skeleton (mesoderm) could also play a role
in the frequent resorption of cranio-maxillo-facial bone
grafts'? obtained from extracranial sites.

Bone tissue engineering, through the use of cell-
biomaterial constructs, is emerging as a promising ap-
proach to the regeneration of bone in a variety of
clinical settings. The approach is based on the use of
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osteoconductive materials and autologous cells en-
dowed with inherent osteogenic potential and broad
regeneration capacity. The recognition of the existence
and properties of skeletal (mesenchymal) stem cells in
bone marrow has opened important new perspectives
for bone tissue engineering at large'*'> and for recon-
struction of gnathic bones in particular.'® Endowed
with significant growth potential and native osteogenic
capacity, skeletal stem cells can be isolated from the
bone marrow stroma, expanded in culture, and then
transplanted in vivo to the effect of generating signifi-
cant amounts of structurally normal bone.'’! As ap-
plied to preclinical in vivo models, this general ap-
proach has shown distinct potential for the filling of
bone defects either in limbs or in craniofacial
bones.?*** Pilot clinical experiences have further vali-
dated the principles underlying the use of cell popula-
tions that contain skeletal progenitor cells for bone
regeneration.”>’ Protocols for the isolation and culture
of osteogenic progenitor cells, and the choice and de-
sign of the relevant osteoconductive carrier, represent
the most important open questions in bone tissue engi-
neering.'> Procedures and tools that are specific for
each particular clinical application need to be designed
through relevant preclinical studies, addressing the tis-
sue source of progenitor cells, culture procedures,
choice of material, and surgical procedure. Skeletal
(mesenchymal) stem cells are typically within cell pop-
ulations isolated from iliac crest bone marrow'®; how-
ever, it has been claimed that osteogenic progenitor
cells can also be isolated from additional anatomical
sites or tissues, in particular, from adipose tissue.?®
Nonetheless, the inherent osteogenic ability of cell
strains obtained from tissues other than bone marrow or
from skeletal sites other than the iliac crest, has seldom
been validated in comparison with bone marrow stro-
mal cells through the use of appropriate assays. In
particular, in vivo transplantation assays remain the
gold standard by which to assess the ability of a given
cell strain to form bone in vivo, and therefore to vali-
date in a preclinical setting the use of specific types of
cell populations for clinical use.

This study aims to validate the potential of 2 intraoral
sites, the maxillary tuberosity and the maxillary/man-
dibular periosteum, as sources of osteoprogenitor cells
for future applications in oral-maxillofacial bone tissue
engineering. Cells isolated from the 2 skeletal compart-
ments were compared for their clonogenic efficiency,
phenotype, and in vivo osteogenic potential. Further-
more, signs of postoperative morbidity related to the
harvest of tissue from these 2 intraoral sites were eval-
uated in order to develop a feasible procedure for future
applications in oral surgery.
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MATERIALS AND METHODS

Patients

Seven maxillary tuberosity (MT) and 7 maxillary or
mandibular periosteal (MP) samples were harvested
from 7 patients, 3 males and 4 females, aged 19 to 32
years, who underwent routine oral surgery procedures
(removal of bilateral impacted teeth and/or bilateral
odontogenic cysts). Patients with metabolic bone dis-
eases, local inflammatory disease, or impaired blood
coagulation were excluded from this study, as were
patients on medication affecting the skeletal metabo-
lism (e.g., corticosteroids) and pregnant women. The
study was performed under an institutionally approved
protocol and all patients gave written informed consent.

Harvests of MT and MP tissues

Under general anesthesia, a full-thickness MP biopsy
and a standardized quantity of bone from the MT were
harvested concomitantly with the removal of bilateral
impacted teeth/odontogenic cysts. We used a “split-
mouth” method to compare the difference in postoper-
ative morbidity between the site in which tooth/cyst
removal was associated with MT and MP tissue har-
vesting (study site) and the contralateral site in which
oral surgery alone was performed (control site). At the
study site, a full-thickness flap was generated by using
a blunt periosteal elevator to reach the impacted tooth
or odontogenic cyst, without damaging the “osteo-
genic” inner layer of the periosteum. Care was exer-
cised to avoid overextension of the peeled flap, which
could cause subsequent swelling. An intact periosteal
sheet, measuring 5 X 5 mm, separated from the under-
lying bone, was easily peeled off using a scalpel blade
(Fig. 1, A). Then, the removal of the embedded tooth/
odontogenic cyst was performed, and a 1-cm®-sized
MT bone sample was harvested using a U-shaped chisel
(Fig. 1, B). The harvested tissues were immediately
transferred to the laboratory under sterile conditions.
Postoperative pain intensity and duration, edema, and
hemorrhage were compared between study and control
sites.

Cell culture

Maxillary tuberosity-bone marrow stromal cell (MT-
BMSC) culture. Under sterile conditions, the MT
samples were scraped gently in a-modified Mini-
mum Essential Medium («MEM; Invitrogen Life
Technologies, Carlsbad, CA) using a steel blade and
washed repeatedly to release marrow cells. The mar-
row cell suspensions were passed through an 18-
gauge needle to break up cell aggregates and filtered
through a 70-pm pore-size cell strainer (Becton
Dickinson Labware, San Diego, CA) to obtain a
single cell suspension. Bone marrow nucleated cells
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Fig. 1. (A, B) Harvesting of surgical samples. A full-thick-
ness flap was elevated and a maxillary/mandibular periosteum
sheet was peeled off by using a scalpel blade (A). After
removal of the impacted tooth/odontogenic cyst, a maxillary
tuberosity bone sample was harvested by using a U-shaped
chisel (B). (C-F) Cell cultures established from fresh maxil-
lary/mandibular tissues. Periosteal cells were grown from
tissue explants (C) and reached confluence in 2 weeks (D).
Maxillary marrow stromal cells were isolated by adherence
from marrow cell suspensions (E) and generated a cell layer
after 2 weeks in culture (F) (arrows, periosteal cells; aster-
isks, periosteal tissue explants). (A—F, original magnification
X200.)

(BMNCs) were then plated at high density (5 X 10°
cells) in 150-mm culture dishes in a growth medium
consisting of aMEM (Invitrogen Life Technologies),
20% lot-selected fetal bovine serum (FBS; Invitro-
gen Life Technologies), 2 mM L-glutamine, 100
U/mL penicillin, and 100 pg/mL streptomycin. In
some cultures, the medium was supplemented with
10~8 M dexamethasone (Sigma, St. Louis, MO) and
10~* M L-ascorbic acid phosphate magnesium salt
n-hydrate (Sigma). Cultures were incubated at 37°C
in a 5% CO, atmosphere. On the third day, non-
adherent (hematopoietic) cells were removed by
washing the cultures with calcium/magnesium-free
phosphate-buffered saline (PBS; Invitrogen Life
Technologies); adherent cells were fed twice weekly
thereafter. At confluence, cells were washed twice
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with Hank’s Balanced Salt Solution (HBSS), re-
leased from the substrate using a 0.25% trypsin/
EDTA solution (Invitrogen Life Technologies) and
plated again for further studies.?

Maxillary/mandibular periosteal cell (M-PC) cul-
ture. Periosteal cells were grown from tissue explants
as adherent cells. The periosteal sheets were washed
twice using HBSS and then manually minced with
scissors. Tissue fragments were then placed into
150-mm culture dishes containing complete medium
(aMEM, 20% FBS, 2 mM L-glutamine, 100 U/mL
penicillin, and 100 wg/mL streptomycin), which was
replaced every third day. When grown to subconflu-
ence, adherent cells were released by trypsin and plated
again for further characterizations as described below.
Tissue fragments were discarded.

Proliferation activity

Proliferation activity was evaluated from the first to
the fourth passage in vitro. At passage 1 (P1), 5 X 10?
cells/cm? were plated in 10-mm Petri dishes, the num-
ber of population doublings (PD) and the doubling time
(DT) were then assessed at P2, P3, and P4 as follows:
(PD) = Log (cells counted/cells plated) X 3.33; (DT)
= days in culture/PD.

Clonogenicity assay

For bone marrow samples from the maxillary bone,
clonogenicity assays were conducted essentially as es-
tablished for iliac crest bone marrow samples.'®2°-3!
Briefly, single cell suspensions of total bone marrow
nucleated cells (BMNCs) were plated at a density of
6 X 10? cell/cm?. To conduct clonogenicity assays for
periosteal tissue, periosteal samples were enzymatically
digested to generate a single cell suspension. Samples
were digested with 100 U/mL Clostridium histolyticum
collagenase type II (Invitrogen Life Technologies) in
HBSS, 3 mM CaCl,. Cells released from 2 sequential
digestions were pooled and used for clonogenicity as-
says. Since cell suspensions generated by enzymatic
digestion of periosteal samples do not include substan-
tial numbers of nonadherent hematopoietic cells (at
variance with marrow samples), periosteal cells were
plated at densities of 1.6 to 1.6 X 10% cells/cm?. After
2 weeks, cultures were fixed with 4% formaldehyde,
stained with Giemsa stain (Sigma) for 30 minutes at
room temperature, and colonies (>50 cells) were
counted. The clonogenic activity of each population
was expressed as number of colonies/number of plated
cells in the case of periosteal cells. For bone marrow
stromal cells, it was expressed as colony-forming effi-
ciency (CFE) normalized to 10> BMNCs as per estab-
lished methods.**
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Table 1. Antibodies used for fluorescence-activated
cell sorting (FACS) analysis

Antibody Clone
CDI105 Clone 266 FITC

Labeling Source

Becton Dickinson-Pharmingen
(San Diego, CA)

Becton Dickinson-Pharmingen
Becton Dickinson-Pharmingen
Becton Dickinson-Pharmingen
Becton Dickinson-Pharmingen
R&D Systems Inc
(Minneapolis, MN)

CD 61  Clone VIPL2 FITC Becton Dickinson-Pharmingen
CD 71  Clone M-A712 PE-Cy5 Becton Dickinson-Pharmingen
CD 45  Clone HI30 FITC Becton Dickinson-Pharmingen
CD 133 Clone 170411 FITC R&D Systems

CD 117 Clone YB5B8 CY-C  Becton Dickinson-Pharmingen
CD 34  Clone 581 FITC Becton Dickinson-Pharmingen

CD 49a Clone SR84 FITC
CD 63 Clone H5C6  PE

CD 90 Clone 5E10 CY-C
CD 140b Clone 28D4 FITC
ALP Clone B4-78  FITC

ALP, alkaline phosphatase; CY-C, CyChrome; Cy-5, CyChrome5;
FITC, fluorescein isothiocyanate; PE, phycoerythrin.

Fluorescence-activated cell sorting
(FACS) analysis

Flow cytometry analysis was performed on cells
grown to passage 3 in standard medium by using the
panel of monoclonal antibodies reported in Table I.
After release from the substrate, cells were centrifuged
at 190 g for 10 minutes and resuspended in blocking
buffer (HBSS supplemented with 30 mM HEPES, 5%
FBS, and 0.1% sodium azide, pH 7.3) for 20 to 30
minutes at 4°C on ice; 10° cells were used for each
marker. After incubation with each antibody for 30
minutes at 4°C on ice, cells were washed and resus-
pended in PBS/FBS. Analysis of cell surface molecules
was then performed by using a FACSCalibur flow
cytometer (Becton Dickinson Labware). Ten thousand
events were recorded for each sample and data were
analyzed with the CellQuest software (Becton Dickin-
son Labware).

Expression of osteogenic markers

Expression of osteogenic transcription factors,
Runx2/Cbfal and Osterix, and bone matrix proteins,
bone sialoprotein (BSP) and osteocalcin (OC), was
analyzed by reverse transcriptase polymerase chain re-
action (RT-PCR) and quantitative PCR (q-PCR). Total
RNA was isolated from confluent cultures using Trizol
(Sigma), and cDNAs were generated using random
primers and the SuperScript First-Strand Synthesis Sys-
tem (Invitrogen Life Technologies), both according to
the manufacturers’ instructions. mRNA from human
trabecular bone cells (HTBCs) and human bone mar-
row stromal cells (BMSCs) established as described
previously*®'® were available from separate studies
and used as controls.
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For RT-PCR the following primers were used:

e Runx2: forward 5'-GAG GGT ACA AGT TCT ATC
TGA A-3'; reverse 5'-GGC TCA CGT CGC TCA
TTT TG-3'; amplified fragment size 200 base pairs
(bp) (GenBank Accession Number NM_001015051).

e Osterix: forward 5'-GCA GCT AGA AGG GAG
TGG TG-3'; reverse 5'-GCA GGC AGG TGA ACT
TCT TC-3'; amplified fragment size 359 bp (Gen-
Bank Accession Number AF477981).

e Bone sialoprotein: forward 5'-CCA ATG CAG AAG
ACA CCA CAG-3’; reverse 5'-AGG CCC TGG
TGG TGG TAG TA-3'; amplified fragment size 330
bp (GenBank Accession Number BC111920).

e Osteocalcin: forward 5'-GCC GTA GAA GCG CCG
ATA GGC-3’; reverse 5'-ATG AGA GCC CTC
ACA CTC CTC-3'; amplified fragment size 259 bp
(GenBank Accession Number BC113434).

e GAPDH: forward 5'-CGG GAA GCT TGT GAT
CAA TGG-3'; reverse: 5'-GGC AGT GAT GGC
ATG GAC TG-3'; amplified fragment size 358 bp
(GenBank Accession Number M17851).

The target cDNA sequences were amplified in stan-
dard PCR reactions using 2.5 units of Platinum Taq
polymerase. After a denaturation step at 94°C for 5
minutes, the reactions were run for 33 cycles at the
following temperatures: 94°C, 45 seconds; 49°C (BSP,
OCQC) or 55°C (GAPDH) or 58°C (Runx2, Osterix), 45
seconds; 72°C 45 seconds, with a final extension at
72°C for 5 minutes.

For quantitative RT-PCR, cDNAs were amplified by
using gene-specific Tagman oligonucleotides (Applied
Biosystem, Foster City, CA) according to the manufac-
turer’s instructions and the ABI PRISM 7000 Sequence
Detection System (Applied Biosystem). Delta-CT val-
ues were normalized based on amplification of GAPDH
and the results were expressed as fold expression rela-
tive to values obtained for HTBCs.

Alkaline phosphatase (ALP) cytochemistry

MT-BMSCs and M-PCs were grown in standard
medium and in medium supplemented with 10* M
dexamethasone and 10~ * M L-ascorbic acid phosphate
magnesium salt n-hydrate (Sigma). After 2 weeks in
culture, cells were washed twice with PBS, fixed with
4% formaldehyde in phosphate buffer, pH 7.4, and
reacted for alkaline phosphatase using Naphtol AS
phosphate as substrate and Fast Blue BB as coupler.
Naphtol AS phosphate was dissolved in N-N’ dimeth-
ylformamide (30 mg in 0.5 mL) and added to a 0.1%
solution of Fast Blue BB salt in 0.1% boric acid/sodium
tetraborate buffer, pH 9. Cultures were incubated in the
ALP substrate solution for 20 minutes at 37°C.
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In vivo transplantation

MT-BMSC and M-PC cultures were expanded in
vitro in the presence of 10~ % M dexamethasone and
10~ * ascorbic acid. At confluency, cells were released
by trypsin, centrifuged at 1000 rpm for 10 minutes and
loaded onto particles (100 to 200 mm in size) of hy-
droxyapatite/tricalcium phosphate (HA/TCP; Zimmer,
Warsaw, IN). For each transplant, 3 X 10° cells were
resuspended in 1 mL of fresh medium and incubated
with 40 mg of HA/TCP for 2 hours at room temperature
with slow rotation. After incubation, samples were
briefly centrifuged, the medium was removed and
30 mL of human fibrinogen (Sigma) and 30 mL of
human thrombin (100 U/mL [Sigma]) were added to
each cell-carrier construct. Adhesion of cells to the
carrier was evaluated by counting the cells left in the
incubation medium. Adherent cell numbers in the pres-
ence or absence of dexamethasone were statistically
compared by analysis of variance (ANOVA). In vivo
transplantation was performed essentially as de-
scribed.!”'® Constructs were transplanted subcutane-
ously into the back of immuncompromised (nih/nu/xid/
bg) mice (Charles River Laboratories, Wilmington,
MA) under an institutionally approved protocol for the
use and care of animals in research. Transplants of
cell-free HA/TCP particles served as controls. All
transplants were harvested 8 weeks after surgery and
analyzed histologically. Samples were fixed with 4%
formaldehyde, decalcified by a neutral solution of
EDTA, and embedded in paraffin. Sections, 5-pm
thick, were cut from each block and stained with he-
matoxylin and eosin.

RESULTS

Patient outcomes

No significant morbidity was observed or reported by
patients at any of the tissue harvest sites as compared to
contralateral control sites. The preoperative full-mouth
disinfection protocol and immediate transfer of the
tissues into sterile HBSS was effective in avoiding
contact-contamination of the samples and potential risk
of impairment of the primary cell cultures for growth of
fungal colonies or other microorganisms.

Isolation of cells from human periosteum and
maxillary bone marrow

Cells were isolated in vitro from both MP and MT
samples. M-PCs grew from tissue explants starting
from the fourth or fifth day of culture (Fig. 1, C,
arrows). In MT-BMSC cultures, adherent cells were
detected a few hours after plating of marrow cell sus-
pensions (Fig. 1, E). In both types of cultures, cells
exhibited an elongated, fibroblast-like morphology and
reached confluence in 2 weeks (Fig. 1, D and F).
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Fig. 2. (A) Ex vivo expansion of human maxillary tuberosi-
ty—bone marrow stromal cells (black line) and maxillary/
mandibular periosteal cells (red line) revealed a comparable

rate of growth. (B) Clonogenic cells were isolated from either
the M-PC or the MT-BMSC (Giemsa stain).

Ex vivo proliferation of M-PCs and MT-BMSCs

Because of the different methods applied for estab-
lishing M-PC cultures (from tissue explants) and MT-
BMSC cultures (from cell suspensions), the prolifera-
tion activity of the 2 types of cultures was assessed and
compared starting from the first passage in vitro, when
a defined number of cells could be plated for each
sample. From P1 to P4, cell counting revealed an equiv-
alent rate of increase in the cell number in all cultures
(Fig. 2, A). Accordingly, the number of PD and the DT
were comparable in M-PC and MT-BMSC cells with
the following mean values: PD 4.52 * (.39 and
4.6 =0.3 for M-PCs and MT-BMSCs, respectively; DT
of 1.9 £ 0.17 days and 1.9 = 0.13 days for M-PCs and
MT-BMSCs, respectively.

M-PCs and MT-BMSCs include a subset of
clonogenic cells

To analyze the presence and the frequency of adher-
ent clonogenic cells (colony forming unit-fibroblasts,
CFU-Fs), clonogenic cultures were established by plat-
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Fig. 3. Flow-cytometry analysis of human M-PCs and MT-BMSCs grown in vitro to the third passage. The 2 cell populations

showed a similar surface phenotype.

ing cells at low densities. After 2 weeks in culture,
discrete colonies were observed in all samples (Fig. 2,
B), revealing a CFU-F frequency of 4.0 + 4.5/107 cells
for periosteal samples at the lowest density of plating
and 10.0 * 2.3/10° cells for maxillary marrow stromal
populations.

Cell surface phenotype of M-PCs and MT-BMSCs

Analysis of the surface molecular profile of M-PCs
and MT-BMSCs revealed an overall similar phenotype
in the 2 populations. CD34 (a marker of endothelial
cells) and CD45 were consistently negative. High lev-
els of expression of multiple putative markers of “mes-
enchymal stem cells” (CD105, CD49a, CD63, CD90,
CD140b) were observed in both populations. CD71
(transferrin  receptor, a marker of proliferating
cells)**3* was also highly expressed in both popula-
tions, whereas ALP was expressed at low levels in both
populations. Very low levels of expression of CD61,
CD133, and CD117 were variably observed in M-PCs
but not in MT-BMSCs (Fig. 3).

M-PCs and MT-BMSCs express early
osteogenic markers

Expression of osteogenic markers was assessed by
standard RT-PCR (Fig. 4, A) and q-PCR (Fig. 4, B)
experiments in which iliac crest (IC)-BMSCs and
HTBCs were included for comparison as progenitors
and fully differentiated osteogenic cells respectively.
Expression of the transcription factor, Runx2, the
earliest marker of the osteogenic lineage, was con-
sistently detected in both M-PCs and MT-BMSCs,
although at a lower level as compared to IC-BMSCs
and HTBCs. Osterix, a transcription factor down-
stream of Runx2 that is highly expressed in mature
osteoblastic cells (HTBCs) but not in osteogenic
progenitors (IC-BMSCs), was undetectable or ex-
pressed at very low levels in M-PCs and MT-BM-
SCs. Accordingly, no expression of the bone matrix
proteins, BSP and OC, which are produced by dif-
ferentiated osteogenic cells, was detected either in
M-PCs or in MT-BMSCs.



OOOOE

Volume xx, Number x

Runx2

Osterix

Osterix

o
U P
\0'% \S‘Sb

Osteocalcin BSP

08 0.&1
06 u.eJ
0.4 0.4“
0.2 0 2‘
00! . S— Y uul
o P P P
& e\,‘c}' of &
& Ky

Fig. 4. (A) Expression of osteogenic markers in MT-BMSCs,
M-PCs, IC-BMSCs, and differentiated HTBCs as detected by
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SCs expressed the transcription factor Runx2 and Osterix, and
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(B) Quantitative analysis of Runx2, Osterix, Osteocalcin, and
BSP mRNAs was performed by real time PCR and reported
as fold expression relative to values obtained for HTB cells.
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Response of M-PCs and MT-BMSCs to factors
stimulating osteogenic differentiation

We then analyzed the ability of M-PC and MT-
BMSC progenitors to respond to factors such as dexa-
methasone, known to stimulate osteogenic differentia-
tion of marrow stromal cells. Cultures were grown
either in standard medium or in medium supplemented
with 10~8 M dexamethasone and 10~* M ascorbic acid,
and expression of the enzyme, ALP, which increases
during osteogenic differentiation, was analyzed by cy-
tochemistry and FACS. In standard medium (basal con-
dition), low levels of enzymatic activity (Fig. 5, A, left
panels) and low levels of expression of the molecule on
cell surface (Fig. 5, B, left panels) were detected. How-
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ever, upon stimulation with dexamethasone and ascor-
bic acid, a marked increase in ALP expression was
observed by both methods in all MT-BMSC and M-PC
cultures (Fig. 5, A and B, right panels).

M-PCs and MT-BMSCs generate bone
tissue in vivo

The ability of M-PC and MT-BMSC progenitors to
differentiate and generate skeletal tissues in vivo was
investigated by using a model of xenogeneic transplan-
tation in the immunodeficient mouse. Cells were ex-
panded ex vivo either in standard growth medium or in
medium supplemented with dexamethasone and ascor-
bic acid, and then loaded onto particles of HA/TCP.
Before transplantation, the number of cells that adhered
to the carrier was evaluated for each construct by count-
ing the cells left in the incubation medium. This re-
vealed that culture conditions strongly influenced the
ability of both M-PCs and MT-BMSCs to attach to
carrier particles. The number of attached cells was
significantly lower (15%-25%) when cells were grown
in standard medium as compared to cultures expanded
and loaded in the presence of dexamethasone (90%-
100%) (Fig. 6). Based on these results, only the latter
samples were used in the in vivo assay and 16 trans-
plants (8 with M-PCs and 8 with MT-BMSCs) were
performed. Eight weeks after transplantation, newly
formed bone was observed in all samples (Fig. 7). The
bone tissue, deposited onto carrier surfaces, was pre-
dominantly lamellar in structure. Fully differentiated
osteocytes could be clearly recognized within the bone
matrix, thus indicating the ability of transplanted cells
to undergo complete osteogenic differentiation (Fig. 7,
C and F, arrows). No bone formed in control trans-
plants of cell-free carrier.

DISCUSSION

In an attempt to identify easily accessible sources of
cell populations specifically suitable for facial bone
regeneration, we have isolated osteoprogenitor cells
from 2 distinct anatomical compartments of jawbones,
the periosteum and the bone marrow. As a first step
toward the identification of osteoprogenitor cells, we
sought to demonstrate the presence of clonogenic cells
in both compartments. Clonogenicity, i.e., the ability of
a single cell to form a colony in vitro after plating a
single cell suspension at low density, reflects the ability
of individual cells to grow in a density-insensitive
manner, indicative of a high proliferation capacity, and
a characteristic of progenitor cells.*® It is well estab-
lished that in the iliac crest bone marrow, the canonical
site from which osteogenic cells are isolated, skeletal
stem cells and osteogenic precursors are in fact com-
prised in the clonogenic fraction.'®?°273% Given the
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Fig. 5. Alkaline phosphatase expression as assessed by cytochemical reaction (A) and flow cytometry (B) in MT-BMSCs and
M-PCs. High levels of expression of the enzyme are detected in both cell types upon stimulation with 10~® M dexamethasone and
10~* M ascorbic acid (A and B, left panels).
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Fig. 6. Adhesion of MT-BMSCs and M-PCs to HA/TCP in
the absence (—) and in the presence (+) of dexamethasone.
Data are expressed as mean = SD (n = 5). Adhesion of cells
to HA/TCP was significantly increased (ANOVA; *#*P <
.001) and approached 100% when cells were grown and
incubated with the carrier in the presence of dexamethasone.

distinct embryological origin of craniofacial bones,
their unique anatomical features, and their distinct
growth and remodeling patterns, the efficient isolation
of osteoprogenitor cells from craniofacial bones is not
automatically predicted by observations made on bones
of the axial and appendicular skeleton. To date, only 2
studies have addressed this issue revealing some dif-
ferences in the phenotypic and functional features of
orofacial and iliac crest—derived stromal cells.**** In
this study, cell cultures from the maxillary tuberosity
were established by using the same procedure used for
the iliac crest, which allows isolation of bone marrow
stromal cells without releasing cells from the interior of
bone trabeculae.>'** Although a direct comparison of
marrow samples obtained from the maxilla and the iliac
crest of the same patients was not feasible in our study,
our data show that the frequency of clonogenic cells in
the maxillary bone, assessed as CFE, is directly com-
parable to the one observed in the iliac crest bone
marrow in other studies. In agreement with the findings
of Akintoye et al.** and Matsubara et al.,** who studied
alveolar bone aspirates, our data also demonstrate that
cells from maxillary bone are clearly endowed with in
vivo osteogenic capacity.

Whereas the periosteum is notoriously associated
with an osteogenic capacity (dramatically highlighted
by the contribution of the periosteum to fracture heal-
ing), whether this property reflects the presence of true
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stem cells in the periosteum, similar to those found in
the bone marrow, rather than more restricted osteogenic
progenitors, has not yet been elucidated. Traditionally,
periosteal cell strains are generated by explant culture
procedures, in which cells migrate out of fragments of
whole periosteal tissues that are placed in culture as
such. Per se, this procedure prevents the identification
of clonogenic cells. Although not unique of multipotent
stem cells, clonogenicity is a recognized property of
progenitor cells.*! In the iliac crest bone marrow, it is
generally assumed that both multipotent stem cells and
committed osteogenic progenitors are comprised within
the clonogenic subset of stromal cells, although distin-
guishing one type of progenitor from the other has
remained difficult.>’ It was only recently that clono-
genic cells were isolated from the periosteum of the
human tibia.*! We have now shown that, in maxillofa-
cial bones, clonogenic cells are found in the maxillary/
mandibular periosteum, in addition to the maxillary
bone. To demonstrate clonogenic cells in the perios-
teum, however, the collagen-rich periosteal tissue needs
to be enzymatically digested, and the resultant cell
suspension plated in culture at clonal density (<1.6
cells/cm?). As applied to our samples, the latter ap-
proach revealed that clonogenic cells are indeed present
in the maxillary/mandibular periosteum, and indeed are
highly frequent (~4%). A crude comparison of the
CFE observed for periosteal cell suspensions in our
study with the CFE reported for bone marrow cell
suspensions>’ would predict a frequency of clonogenic
cells much higher in the periosteum than in the bone
marrow. However, considering that hematopoietic tis-
sue is present in the bone marrow but not in the peri-
osteum, a direct comparison of the frequency of CFU-F
in the periosteum and bone marrow is not straightfor-
ward, as a much higher relative proportion of adherent,
nonhematopoietic cells is included in the periosteum as
in any connective tissue other than the bone marrow.
Likewise, a more precise definition of the properties of
clonogenic cells within the maxillary tuberosity and the
maxillary and mandibular periosteum, and the potential
presence of multipotent cells among them, will require
further study. For applicative purposes, however, it is
important to note that osteogenic progenitors (whether
differentiation-restricted or multipotent) do exist
within, and can be isolated from, the gnathic bones.
When analyzed in terms of cell morphology and
proliferation in culture, cell strains obtained from either
the maxillary tuberosity or the periosteum of maxillary/
mandibular bone seem remarkably similar to one an-
other. In addition, an analysis of their surface pheno-
type conducted using antibodies recognizing multiple
putative markers of “mesenchymal stem cells” revealed
a virtually identical profile. Like the bone marrow
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stromal cells isolated from the iliac crest,'®** both bone
marrow stromal cells and periosteal cells from the
maxilla constitutively express the osteogenic transcrip-
tion factor and master gene, Runx2. As in the case of
iliac crest BMSC:s, this property can be interpreted as a
native commitment to the osteogenic lineage, and re-
flects an inherent ability to differentiate into mature
bone-forming cells. 1942 Indeed, when exposed to dexa-
methasone, which induces osteogenic differentiation in
iliac crest BMSCs,'® both M-PCs and MT-BMSCs
responded with a marked increase in expression of the
osteogenic marker alkaline phosphatase, as detected
both by enzyme activity and FACS analysis.

Whereas in vitro assays and expression of individual
or multiple osteogenic markers is a convenient, fast,
and inexpensive empirical approach to probe the osteo-
genic capacity of a given cell strain in vitro, no in vitro
assay demonstrates true osteogenic ability with the
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Fig. 7. In vivo osteogenic differentiation of maxillary/mandibular periosteal cells (A-C) and marrow stromal cells (D-F) expanded
in dexamethasone-containing medium. Cells were loaded onto HA/TCP and transplanted into the subcutis of immunocompro-
mised mice. Transplants were harvested after 8 weeks, decalcified, embedded in paraffin, and stained with hematoxylin and eosin.
In all samples, transplanted cells differentiated into osteoblasts, deposited bone tissue, and transformed into mature osteocytes (C
and F, arrows). (A, B, D, and E, original magnification X50; C and F, original magnification X100.)

same stringency as an in vivo transplantation assay. We
have shown that both M-PCs and MT-BMSCs can
directly form histology-proven bone in vivo when
transplanted into the subcutaneous tissue of immuno-
compromised mice. This directly demonstrates that
cells isolated from the periosteum or the maxillary
tuberosity can form bone in vivo following a phase of
ex vivo expansion. Therefore, the results of our in vivo
transplantation assay directly validate the biological
properties of the cell strains under study as specifically
osteogenic in vivo, and justify the design of a direct
preclinical model for their use in the reconstruction of
gnathic bones in the near future.

Because the goal of our study was to prove the
inherent osteogenic ability of cell strains isolated from
noncanonical sources, the carrier material chosen for
our experiments had to be one with previously proven
efficacy when used with osteogenic cells from canoni-
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cal sources. The material we used, a combination of
hydroxyapatite and tricalcium phosphate, was previ-
ously used in combination with iliac crest BMSCs in
different in vivo studies.'®*® These studies showed that
the material is both osteoconductive and cell friendly.
In the course of our study, we also tested a variety of
additional commercial materials that are commonly
used (without cells) for bone reconstruction and none
proved satisfactory, pending further systematic experi-
mentation. Meanwhile, we have shown that culture
conditions directly influence the interaction of osteo-
genic cells with the material we used. Specifically,
exposure to dexamethasone greatly increased the at-
tachment of cultured cells to the biomaterial prior to in
vivo transplantation. The biological effects of dexa-
methasone on cultured stromal cells are complex and
poorly elucidated. Dexamethasone has mainly been
seen as a (somewhat empirical) enhancer of the osteo-
genic differentiation potential. Our data identify the
promotion of cell adhesion to an HA/TCP phase in vitro
as an additional effect of dexamethasone, which has
obvious direct bearing on the outcome of subsequent in
vivo transplantation procedures. By increasing the
number of cells retained in the cell-material construct to
be transplanted, dexamethasone can influence in vivo
bone formation in a manner dependent on its effects on
cell adhesion and independent of its effects on cell
differentiation. In general, this observation emphasizes
the significance of culture conditions on the ultimate
efficacy of a cell-biomaterial construct for bone tissue
engineering.

In conclusion, our study indicates that the maxillary/
mandibular periosteum and the maxillary bone marrow
may effectively serve as reliable and easy-to-harvest
intraoral sources of osteoprogenitor cells either for im-
mediate generation of cell-scaffold constructs or for
cell banking and subsequent repair of cranio-maxillo-
facial bone defects.
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